Abstract. Diffuse reflectance records from Fern Drift in the North Atlantic faithfully record sediment percent carbonate. A high-resolution, reflectance-based age model for these sediments derived from an orbitally tuned age model for western equatorial Atlantic, Ceara Rise sediments was generated by spectral frequency mapping. Power spectra of the Fern Drift record indicate statistically significant subMilankovitch cyclicity at 7.6-8.4 and 4.8-6.1 kyr. We infer that these -8 and -5 kyr cycles document a linkage between North and equatorial Atlantic climate given our ability to correlate these records. These climate cycles influence Atlantic basin carbonate prior to the intensification of Northern Hemisphere glaciation and thus must arise from some portion of the climate system other than the dynamics of large ice sheets. The presence of these peaks, which could be related to equatorial clipped precession, implies a possible non-linear response to Milankovitch forcing.
1. Introduction
The Search for Sub-Milankovitch Variability
While paleoceanographic study of Earth's Milankovitch-scale climate (20-100 kyr cycles) has progressed significantly in the past decades, little emphasis has been placed on the study of subMilankovitch-scale variability until recently. The reasons for a lack of focus on higher frequencies are largely pragmatic. Records of sufficiently high resolution and quality are only recently available. Second, much of the paleoceanographic research of the 1970's and 1980's was driven by interest in testing the veracity of the Milankovitch-Croll hypothesis, which stipulates that climate variability is driven in large part by changes in Earth's orbital geometry [Hays et al., 1976; Imbrie et aL, 1984] . It is now fairly well accepted that variations in the Earth's orbit exert a profound influence on 20-100 kyr climate cyclicity [Imbrie et al., 1992, 1. Introduction
While paleoceanographic study of Earth's Milankovitch-sca!e climate (20-100 kyr cycles) has progressed significantly in the past decades, little emphasis has been placed on the study of subMilankovitch-scale variability until recently. The reasons for a lack of focus on higher frequencies are largely pragmatic. Records of sufficiently high resolution and quality are only recently available. Second, much of the paleoceanographic research of the 1970's and 1980's was driven by interest in testing the veracity of the Milankovitch-Croll hypothesis, which stipulates that climate variability is driven in large part by changes in Earth's orbital geometry [Hays et al., 1976; lmbrie et al., 1984] . It is now fairly well accepted that variations in the Earth's orbit exert a profound influence on 20-100 kyr climate cyclicity [lmbrie et al., 1992,
19931.
In contrast, sub-Milankovitch-scale variability, which is defined here as climate cycles ranging from 1 to 20 kyr, generally exhibits much less variance than its Milankovitch-band counter- Hughen etal. [1996] reported a linkage on decadal to centennial timescales by correlating the fine structure of grayscale records (a proxy for sediment percent carbonate content) from the Cariaco basin in the western Atlantic with the air temperature record from the Greenland Ice Core Project (GRIP) ice core. Furthermore, they cite a number of references that document a correlation between the air-temperature variability observed in the GRIP record and a variety of North Atlantic climate proxy records [Dansgaard et al., 1989; Lehman and Keigwin, 1992; Koc-Karpuz and Jansen, 1992] . On the basis of inferences from general circulation model (GCM) sensitivity studies [Rind et al.. 1986, Overpeck et al., 19891 they conclude that decreases in North Atlantic sea surface temperature (SST) drive variations in equatorial trade wind strength, which in turn, cause variations in carbonate production within the Cariaco Basin. These carbonate shifts are recorded in the grayscale values of the underlying sediments. The correlations that Hughen et al. [1996] observed are striking. However, given the uncertainties in their age model on the decadal time scale and the inability to document lead-lag phase relationships between the two records, concluding that changes in North Atlantic SST are the driving factor in this relationship may be premature. Additional coupled-ocean atmosphere GCM sensitivity studies in which equatorial trade wind strength are varied and North Atlantic SST response is monitored are warranted. This would provide a means of testing the alternative hypothesis, namely that variations in equatorial wind patterns may drive shifts in North Atlantic SST. On longer timescales, linkages between equatorial winds and North Atlantic climate have also been reported. McIntyre and Molfino [1996] observed variability in the depth of the equatorial nutricline with a periodicity of 7.6 kyr which is presumably driven by changes in equatorial winds. Mcintyre and Molfino [1996] speculate that the origin of this periodicity arises from a harmonic interaction of precession and eccentricity forcing during times of weak eccentricity forcing of anomalously short period. Their evidence for these climatic changes are shifts in the abundance of the nutricline dwelling coccolithophorid Florisphaera profunda. The relative importance of this species within the coccolithophorid community increases when equatorial winds relax, which deepens the equatorial nutricline and vice versa . McIntyre and Mo!fino [1996] document a correspondence between the timing of peaks in the F profunda record from RC24-08 and the Heinrich events as recorded in the ice-rafted debris (IRD) record from V23-8 1 [Bond and Lotti, 1995] . In contrast to Hughen et al. [1996] , Mcintyre and Mo!fino [1996] infer that the equatorial heat engine, through its influence on low-latitude wind strength, drives variations in high-latitude climate. Use of reflectance data generated on two separate Ocean Drilling Program (ODP) legs will allow us to explore the potential linkages between the equatorial Atlantic and the North Atlantic on a variety of timescales and in sediments much older than can be recovered with standard piston coring methods.
Methods
Sediment diffuse reflectance was measured at sea during ODP Leg 162 using the Oregon State University (OSU), split-core analysis track (SCAT [1996] observed variability in the depth of the equatorial nutricline with a periodicity of 7.6 kyr which is presumably driven by changes in equatorial winds. Mcintyre and Molfino [1996] speculate that the origin of this periodicity arises from a harmonic interaction of precession and eccentricity forcing during times of weak eccentricity forcing of anomalously short period. Their evidence for these climatic changes are shifts in the abundance of the nutricline dwelling coccolithophorid Florisphaera profunda. The relative importance of this species within the coccolithophorid community increases when equatorial winds relax, which deepens the equatorial nutricline and vice versa [1996] infer that the equatorial heat engine, through its influence on low-latitude wind strength, drives variations in high-latitude climate. Use of reflectance data generated on two separate Ocean Drilling Program (ODP) legs will allow us to explore the potential linkages between the equatorial Atlantic and the North Atlantic on a variety of timescales and in sediments much older than can be recovered with standard piston coring methods.
Sediment diffuse reflectance was measured at sea during ODP Leg 162 using the Oregon State University (OSU), split-core analysis track (SCAT). The Leg 162 configuration of the SCAT (Fig-ure 2) was first used during postcruise operations on ODP Leg 154 [Harris er al., 1997] . Reflectance measurements with this version of the instrument have a signal-to-noise ratio that is an order of magnitude greater than the prototype instrument deployed during ODP Leg 138 [Harris et al., 1997; Mix etal., 1992] . Ortiz etal., [1999] provide a more detailed description of the instrument's operation. During ODP coring operations, consecutive 10 m long sediment cores are raised from the deep sea and cut on deck into six or seven whole-round sections up to 1.5 m in length. The sec- Lions are allowed to reach ambient temperature, then are split in half lengthwise for immediate description, analysis, and sampling in the ship's corelab. SCAT reflectance measurements were conducted by the shipboard sedimentologists on the lightly scraped archive half of each wet sediment section immediately after splitting and during the core description process. Figure 2 . A schematic illustration of the major components of the Oregon State University split-core analysis track (OSU SCAT). Reprinted from with permission of the Ocean Drilling Program.
sphere of the hand-held Minolta CM-2002 spectrophotometer because of its measurement geometry, it is not needed with the automated SCAT.
The SCAT measurements were generally taken at 8 cm intervals, although higher-resolution measurements (4 cm resolution) were taken when time permitted. To ensure that composite reflectance splices could be generated, cores from additional holes drilled at each site were selected for analysis on the basis of concurrent gamma ray attenuation porosity estimator (GRAPE) or magnetic susceptibility data. Because of time constraints, the sediments from 0 to -90 meters composite depth (MCD) at site 981 on the Fern Drift were not analyzed because this sediment sequence represents a lower sedimentation rate repeat of the shallow sediments at site 980, another coring site drilled on the Feni Drift [Leg 162 Shipboard Scientific Party, 1996a] . The reflectance records from the two Feni Drift sites (site 980 and 981) can be easily spliced in the age domain to yield a composite record.
Results and Discussion

Reflectance-Based Proxy Percent Carbonate
Postcruise data processing of the SCAT data set consisted of quality control to assure that there were no measurement offsets and averaging the 1024-channel data into a 70-channel (10 nm resolution) percent reflectance data set. The 10 nm resolution reflectance data were used to calculate a center-weighted, firstderivative spectra, for each reflectance sample consisting of 68 first-derivative channels. The first-derivative of the reflectance spectra (aRIa?) defines the "spectral shape" of the sample. It is useful for assessment of trace minerals such as hematite and goethite Deaton and Balsam, 1991] . We employed center-weighted first-derivatives, the average of R/?
for the reflectance bands above and below the wavelength band of interest because they are numerically more stable ] than first-difference derivatives. The processed 10 nm reflectance and first-derivative data are archived on CD-ROM by Ortiz etal., [1999] .
Using the 10 nm reflectance and first-derivative data, we generated a stepwise, multiple linear regression to estimate proxy percent carbonate from paired shipboard percent carbonate [Leg 162 Shipboard Scientific Party, l996a, b, c, d] and reflectance measurements. Following Mix et al. [1995] and Harris et al. [1997] , we also use the square of the 10 rim reflectance bands as potential input variables for the regression. While empirical, this approach has been used successfully by Mix et al. [1995] and Harris et al. [1997] The SCAT measurements were generally taken at 8 cm intervals, although higher-resolution measurements (4 cm resolution) were taken when time permitted. To ensure that composite reflectance splices could be generated, cores from additional holes drilled at each site were selected for analysis on the basis of concurrent gamma ray attenuation porosity estimator (GRAPE) or magnetic susceptibility data. where R represents the 10 nm reflectance band centered on wavelength ?. None of the first-derivative terms were significant in the final stepwise multiple linear regression. Several of the terms in the regression have wavelengths toward the blue end of the visible spectrum (465, 525, and 555 nm) where carbonate exhibits its maximum diffuse reflectance [Mix er al., 1995] The character of the resulting carbonate records varies dramatically from southeast to northwest when plotted using a preliminary age model based on biostratigraphic and magnetostratigraphic datums determined during the research cruise (Figure 4) . Measurements from Fern Drift in the Rockall Trough (sites 980 and 981) and on the Rockall Bank (site 982) exhibit a typical North Atlantic carbonate pattern, similar to that observed at site 607 or other ODP sites further to the south [Ruddiman and Raymo, 1988; Raymo er al., 19891 . In contrast, carbonate measurements from the Gardar (site 983) and Bjorn (site 984) Drifts along the Reykjanes Ridge exhibit carbonate variations that while similar to each other, are radically different from the Rockall sites due to carbonate dilution by fine grained terrigenous sediment.
We verify the calibration of the proxy percent carbonate equation by comparison to two extensive carbonate data sets ( Figure  5 ) totaling 1900 observations from Rockall Bank and Gardar Drift [Channel! et al., 1997] Live comparison of these percent carbonate data with the proxy percent carbonate predictions for the same depth interval reveal an RMSE of 8.0 and 5.6% at sites 982 and 983, respectively. While the RMSE at the Gardar Drift is smaller than for the Rockall Bank record, the proxy percent carbonate regression perfonns better in the brighter sediments at the Rockall Bank ( Figure 5 ). The reason for this is simple: when percent carbonate content becomes low, it exerts less influence on sediment brightness. While fine-scale percent carbonate features at the Gardar Drift are recorded by the proxy percent carbonate record, there is a tendency to overestimate carbonate content when percent carbonate content drops below -20%. In the remainder of this paper we focus our attention on time series analysis of the proxy percent carbonate record from the brighter sediments at Feni Drift where sedimentation rates are high (-10 cm kyf1), and a continuous record back to 4.5 Ma is available.
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Figure 4. North Atlantic carbonate estimates derived from percent reflectance using the transfer function described in the text. Data are plotted as a function of age using a preliminary age model based on biostratigraphy and magnetostratigraphy.
A High Resolution Reflectance-Based Timescale
A prerequisite to time series analysis of the reflectance-derived proxy carbonate record at Fern Drift is a reliable, high-resolution age model. Careful inspection of Figure 4 indicates apparent temporal "offsets" between clearly synchronous carbonate events at sites 980-I and 982. This is perhaps most clearly illustrated in the time interval between 2.5 and 3 Ma. The most likely cause for these offsets are changes in sedimentation rate between the two sites, pointing out the need for a high-resolution age model. Developing such a model could be accomplished by generating an oxygen isotope stratigraphy for sediments from Feni Drift or by applying an existing age model from another site to the proxy percent carbonate record at Feni Drift. Because the generation of oxygen isotope chronologies for the Leg 162 sediments entails ongoing research at several isotope laboratories, a composite oxygen Accordingly, we have adopted the latter strategy.
Our approach is to use the inverse, frequency-mapping method of Martinson et al. [1987] to determine the optimal correlation between the reflectance-based proxy percent carbonate record from site 926 on the Ceara Rise (ODP Leg 154) and the reflectance-based proxy percent carbonate record from Feni Drift generated as part of this study. A similar mapping strategy was employed by Harris et al. [1997] to correlate the reflectance records from the ODP Leg 154 sites. This methodology allows us to map the proxy percent carbonate record from Feni Drift onto the orbitally tuned timescale for site 926 on the Ceara Rise. The basic assumption embedded in this procedure is that climatically driven, carbonate dilution or dissolution events in the North Atlantic at Feni Drift and western equatorial Atlantic on the Ceara Rise vary in phase. Figure 5 . Validation of the reflectance-derived carbonate transfer function using coulometric carbonate data from (a) the Rockall Bank (site 982) and (b) the Gardar Drift (site 983). The 5 cm resolution coulometric carbonate measurements were smoothed with a two point running mean to approximate the 4-8 cm resolution o the reflectance measurements. Coulometric carbonate data from Venz er aL [1999] (site 982 on the Rockall Bank) and Channel! et al. [1997] (site 983 on the Gardar Drift) are independent of the data used to construct the transfer function presented in the text.
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We selected the reflectance record from site 926 as a target curve for several reasons. First, the orbitally tuned magnetic susceptibility age model for the Leg 154 Ceara Rise sediments was derived on sediments from site 926. Orbital tuning of the magnetic susceptibility records at the Ceara Rise sites is a viable strategy because of the continuous nature of the magnetic susceptibility records and the fact that variations in magnetic susceptibility are driven by changes in the bulk properties of the sediments, namely the dilution of carbonate by terrigenous input. It is reasonable to infer that this process will have an orbital response. The timescale for site 926 was devised by Bicker: et al., [1997] and Tiedemann and Franz [1997] , who orbitally tuned the Ceara Rise magnetic susceptibility record to the La93(l,l) orbital solution of Lasker et al., [1993] . The La93(1,1) orbital solution is a generalized extension of the La90(0,1) orbital solution [Lasker et al., 1990] . It differs from the La90(0,l) by accounting for lunar tidal effects on Earth's orbit in addition to "dynamical variability" in the eccentricity of the Earth's orbit. Second, the reflectance records for site 926 and the other sites on the Ceara Rise were generated by the OSU SCAT so that the data are directly comparable to our data from Feni Drift. Finally, as both site 926 on the Ceara Rise (3598 m) and site 980 on the Feni Drift (.-2171 m) are bathed by North Atlantic Deep Water (NADW) during interglacial periods, we expect that they should exhibit similarities in their percent carbonate records.
The intercorrelation of these records could be accomplished in either the wave (time) domain or in the frequency domain. Mapping in the wave domain consists of establishing discrete "tie points" between a reference or target curve and the record being operated on. In contrast, the inverse method of Martinson et al. [1987] operates largely in the frequency domain, although an initial age model (tie points) must be supplied. To test the sensitivity of the orbital solution to this initial condition, we ran simulations in which we added noise in the form of "erroneous" age-depth pairs. In all cases this spurious information was rejected during the iterative solution, resulting in a relatively stable result. Working in the frequency domain has the advantage of determining the offsets between the two records based on comparison of a multivariate statistical measure of the two time series: their Fourier transform, rather than a univariate statistical measure, the correlation coefficient. The frequency-mapping method generally leads to more continuous sedimentation rates and removes much of the arbitrariness inherent in correlating two time series by the addition of individual tie points. The analogous concept to the tie point in the inverse mapping method is the number of Fourier coefficients needed to map (or relate) the operating signal onto the reference signal.
To map the Ceara Rise age model [Bickert etal., 1997; Tiedemann and Franz 1997] sampled all three records at 1 kyr, which is greater than or equal to the nominal sample spacing of the Fern Drift records but which oversamples the Ceara Rise record by a factor of -2. This compromise allowed us to retain the additional information within the Fern Drift record, rather than starting with a degraded signal for correlation. The record was then divided into six subsections that were independently mapped (Table 2 ). This step was necessary because of limitations in available computer resources, but also allows us to evaluate the fit between the two records as a function of time. The final results were independent of the way in which the record was subdivided and imply only minor modifications to the shipboard-derived ages at Feni Drift, especially from 0 to 3 Ma ( Figure 6 ). We qualitatively evaluate the reliability of the mapping operntion on the basis of the depth-age plot for Feni Drift. The resulting high-resolution age model is consistent with the observed shipboard biostratigraphic and paleomagnetic age datums [Leg 162 Shipboard Scientific Party, 1996a] for these two sites (Figure 7 ). This gives us confidence in the quality of the high resolution reflectance based age model. In all but the oldest section of the record (3.7-4.7 Ma) the squared correlation coefficient (Table 2) . Lower correlation between 2.7 and 3.3 Ma may result from a mismatch in age between the two records. Despite this caveat the correlation between the two records is striking. This frequency-mapped age model for Feni Drift was developed without the direct use of oxygen isotope data, although the method depends on an assumption of constant magnetic susceptibility phasing relative to orbital forcing as part of the orbital-tuning process [Bickert et al., 1997; liedemann and Franz, 1997 ].
The powerful approach described here has the advantages of being nondestructive to core material at all steps, inexpensive, and less time consuming than generating an oxygen isotope stratigraphy. We conservatively estimate that the age model generated in this way has uncertainties of -4 kyr given the sampling resolution of 1-2 kyr for the proxy percent carbonate records at Feni Drift and Ceara Rise, respectively, provided that changes in carbonate are the primary features of variance. The disadvantage of this approach is that it precludes us from assessing phase relationships of the Feni Drift proxy percent carbonate record relative to the (Table 2) . Lower correlation between 2.7 and 3.3 Ma may result from a mismatch in age between the two records. Despite this caveat the correlation between the two records is striking. This frequency-mapped age model for Feni Drift was developed without the direct use of oxygen isotope data, although the method depends on an assumption of constant magnetic susceptibility phasing relative to orbital forcing as part of the orbital-tuning process [Bickert et al., 1997; Tiedemann and Franz, 1997]. The powerful approach described here has the advantages of being nondestructive to core material at all steps, inexpensive, and less time consuming than generating an oxygen isotope stratigraphy. We conservatively estimate that the age model generated in this way has uncertainties of ~4 kyr given the sampling resolution of 1-2 kyr for the proxy percent carbonate records at Feni Drift and Ceara Rise, respectively, provided that changes in carbonate are the primary features of variance. The disadvantage of this approach is that it precludes us from assessing phase relationships of the Feni Drift proxy percent carbonate record relative to the Ceara Rise proxy percent carbonate mapping target. This shortcoming can be overcome by using oxygen isotopes for age constraints when that data become available.
Cyclicity of the Feni Drift Proxy Percent Carbonate Record
Spectral analysis provides a means of quantifying the periodicities in the Feni Drift proxy percent carbonate record and studying how variance in the climate system changes with time. An inherent assumption of the method is that the time series studied is stationary. However, prior studies of the climate system demonstrate shifts in the dominant frequency of climate variability at -2.5 (or 2.75) and at 0.95 Ma. The causes of these transitions are not well understood. To accommodate these changes in the proxy percent carbonate record, we divided the proxy percent carbonate time series into three subrecords for separate spectral analysis: 0-0.95, 0.95-2.4, and 2.8-4.5 Ma. Because the non-stationarity in the proxy carbonate data appears greater than in the oxygen isotope data, we decided against the use of evolutive spectral methods. Figure 8. Reflectance-derived carbonate records for site 926 on the Ceara Rise and sites 980 and 981 on the Feni Drift plotted on the Ceara Rise age model using the age-age mapping function derived as part of this study.
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The transition at -.2.5 Ma is believed to record the intensification of Northern Hemisphere glaciation in response to the growth of larger ice sheets. This transition is clearly evident in long benthic I8O records from the Atlantic [e.g. Clemens and Tiedemann, 1997] . Records of other climate proxies such as percent carbonate or from other ocean basins sometimes demonstrate an earlier transition, closer to 2.75 Ma [e.g., . Jansen and Sjoholm, 1991; Haug etal., 1995; Maslin etal., 1995] . The proxy carbonate record from Feni Drift exhibits its first sustained carbonate decreases at -2.8 Ma as well as a near step-function decrease in carbonate content at -2.55 Ma (Figure 8 ). This suggests the possibility that the observed differences in timing of this event may arise from comparison of multiple events rather than a single timetransgressive process. To deal with this nonstationarity in the record, we will exclude the portion of the records from 2.4 to 2.8 Ma from our spectral analysis. The transition at 0.95 Ma (sometimes referred to as the "Mid-Pleistocene Revolution") denotes the transition from a climate regime dominated by the 41 kyr obliquity-related cycle to the 100 kyr cycle of the late Pleistocene. Sep- Drift plotted on the C•eara Rise age model using the age-age mapping function derived as part of this study.
Ceara Rise proxy percent carbonate mapping target. This shortcoming can be overcome by using oxygen isotopes for age constraints when that data become available.
Cyclicity of the Feni Drift Proxy Percent Carbonate Record
Spectral analysis provides a means of quantifying the periodicities in the Feni Drift proxy percent carbonate record and studying how variance in the climate system changes with time. An inherent assumption of the method is that the time series studied is stationary. However, prior studies of the climate system demonstrate shifts in the dominant frequency of climate variability at -2.5 (or Spectral analysis was conducted using the Thompson multitaper method . Given the uncertainty of the age model, we present the frequency spectra from 0 to 0.25 kyrT', rather than plotting to the Nyquest frequency (0.5 kyf1). Highresolution spectra were calculated using seven tapers and a timebandwidth resolution of four (Figure 9 ). These parameters were used to provide better resolution of the high-frequency (subMilankovitch) variability in the record. A trade-off of this approach is that we expect some smearing of variance in the primary Milankovitch bands. Significance testing of spectral peaks ( Figure 9 and Table 3 ) was accomplished by comparison of the power spectra of the data with a robust, median, red noise background based on a first-order Markov model [Mann and Lees, 19961 . This model has the same white noise variance and firstorder autocovariance as the data for each time period analyzed. Several interesting characteristics are seen in the data. All spectra are calculated with a time-bandwidth resolution of four and seven tapers. Significance levels at 90%, 95%, and 99% are derived from confidence intervals relative to a robust, median, red noise background [Mann and Lees, 1996] . Significant spectral peaks are labeled by period in kyr.
Significant spectral peaks in the Milankovitch band were observed with nominal periods ranging from 100 to 19 kyr ( Figure  9 and Table 3 ). As has been previously observed , the 100 kyr cycle is dominant from 0 to 0.95 Ma, while 41 kyr (obliquity-related variability) is dominant in the older sections of this high-latitude record. The stochastic variability in the climate system, characterized by the median, red noise background, and measured at the same frequencies as the spectral peaks, increases with time (Table 3) . Sub-Milankovitch variability with nominal periodicities ranging from 16 to 5 kyr was also observed ( Figure 9 and Table 3 ). The longer of the sub-Milankovitch periodicities, those ranging from -16 to -11 kyr, were not present as significant features throughout the record ( Figure 9 and Table 3 ). This was not the case for the high-frequency cycles at -10, -8, and -5 kyr. Because of the increase in background stochastic variance at all frequencies, the variance in the sub-Milankovitch peaks tends to increase with time. However, the variance in these bands relative to the red noise background does not indicate ORTIZ ET Spectral analysis was conducted using the Thompson multitaper method . Given the uncertainty of the age model, we present the frequency spectra from 0 to 0.25 kyr '1, rather than plotting to the Nyquest frequency (0.5 kyr-]). Highresolution spectra were calculated using seven tapers and a timebandwidth resolution of four (Figure 9 ). These parameters were used to provide better resolution of the high-frequency (subMilankovitch) variability in the record. A trade-off of this approach is that we expect some smearing of variance in the primary Milankovitch bands. Significance testing of spectral peaks (Figure 9 and Table 3 ) was accomplished by comparison of the power spectra of the data with a robust, median, red noise background based on a first-order Markov model [Mann and Lees, 1996] . This model has the same white noise variance and firstorder autocovariance as the data for each time period analyzed. Several interesting characteristics are seen in the data.
Significant spectral peaks in the Milankovitch band were observed with nominal periods ranging from 100 to 19 kyr ( Figure  9 and Table 3 ). As has been previously observed , the 100 kyr cycle is dominant from 0 to 0.95 Ma, while 41 kyr (obliquity-related variability) is dominant in the older sections of this high-latitude record. The stochastic variability in the climate system, characterized by the median, red noise background, and measured at the same frequencies as the spectral peaks, increases with time (Table 3) . Sub-Milankovitch variability with nominal periodicities ranging from 16 to 5 kyr was also observed (Figure 9 and Table 3 ). The longer of the sub-Milankovitch periodicities, those ranging from -16 to ~11 kyr, were not present as significant features throughout the record (Figure 9 and Table 3 ). This was not the case for the high-frequency cycles at -10, ~8, and ~5 kyr. Because of the increase in background stochastic variance at all frequencies, the variance in the sub-Milankovitch peaks tends to increase with time. However, the variance in these bands relative to the red noise background does not indicate IAA a clear trend of increasing or decreasing sub-Milankovitch vanability. Thus, while their variance increases with time, it does not appear to do so at a rate that is greater than the stochastic red noise background. This suggests that variance within the sub-Milankovitch frequencies may be relatively insensitive to changes induced by the intensification of Northern Hemisphere glaciation. Spectral peaks at periods similar to the longer of the observed sub-Milankovit9h. cycles (-16, -14, and -13 kyr) are present in the precessi&i bandhiorcing, although they are significantly less energetic than the primary douhlelSt 23 and 19 kyr ( Figure lOb and Table 3 ). While the peak at 16 kyr in the data spectrum (Figure 9c) is most likely independent of the peaks at 13 and 14 kyr, it is unclear if the latter represent independent concentrations of variance or a single peak at 13 or 14 kyr split by potential age model errors. Power near 13-14 kyr could arise as a harmonic of the primary orbital frequencies in a number of ways [e.g., Yiou et al., 1994] . For example, it could be related to (1) Unfortunately, none of these possibilities provides an exact match in period to the observed variance, nor are we aware of how these orbital interactions may be linked to specific physical mechanisms of climate change. While the discrepancies between the theoretical and observed frequencies could arise from age model errors, 183 the lack of a plausible physical mechanism suggests the need for caution when interpreting these potential cycles. Additional work is needed to replicate this observation in other records and/or analysis with higher-order statistical methods such as bispectral analysis before definitive statements can be made regarding the nature of this longer-frequency suborbital variability.
The shorter cycles, from 11 to 5 kyr, require a higher-order response to orbital forcing (i.e., harmonics) or a nonlinear origin within the response of the climate system itself. Of potentially great significance is the identification of concentrations of variance at periods centered on 7.5-8.2 and 4.8-6.1 kyr. The variation in the estimateçl period of these two peaks is most likely due to uncertainties in the age model, which are untuned to variability at these frequencies. Could sub-Milankovitch peaks in the spectral ranges we observe arise as numerical artifacts resulting from the nonlinearity inherent in percent data? If we consider a simple system with two components (e.g., deep-sea carbonate and terrigenous input) that vary as independent linear responses Yi and Y2 to orbital forcing x, (e.g. Yt = m1x+b1; Y2 = m2x+b2) we see that expressing Yi as a percentage of (y + Y2) results in a non-linear measure: %y = 100(m1x+b1)/(m1x+b1 + m2x+b2). Despite this we do not believe that this is the underlying cause of the spectral peaks we observe because the spurious peaks arising in this way should not be band-limited to discrete frequency ranges. In addition, sub-Milankovitch variability has been observed by other studies using grayscale and reflectance data [Bond et al., 1993;  The shorter cycles, from 11 to 5 kyr, require a higher-order response to orbital forcing (i.e., harmonics) or a nonlinear origin within the response of the climate system itself. Of potentially great significance is the identification of concentrations of variance at periods centered on 7.5-8.2 and 4.8-6.1 kyr. The variation in the estimated period of these two peaks is most likely due to uncertainties in the age model, which are untuned to variability at these frequencies. Could sub-Milankovitch peaks in the spectral ranges we observe arise as numerical artifacts resulting from the nonlinearity inherent in percent data? If we consider a simple system with two components (e.g., deep-sea carbonate and terrigenous input) that vary as independent linear responses Yl and Y2 to orbital forcing x, (e.g. Yl = rn•x+bi; Y2 = rn2x+b2) we see that expressing y] as a percentage of (Yl + Y2) results in a non-linear measure: %Yi = 100(rnix+bi)/(rn•x+bi + rn2x+b2). Despite this we do not believe that this is the underlying cause of the spectral peaks we observe because the spurious peaks arising in this way should not be band-limited to discrete frequency ranges. In addition, sub-Milankovitch variability has been observed by other studies using grayscale and reflectance data [Bond et al., 1993; Hagelberg er al., 1994; Boyle, 1997] , magnetic susceptibility [Moms et al., 1997] , and isotope data [Yiou etal., 1994; Raymo et al., 1998 ]. This implies that its origin cannot be accounted for as a simple artifact of percentage data.
Heinrich-Like Cydlicity and Precessional Clipping
We believe the 7.5-8.2 kyr peak may be related to Heinrich-like variability, which exhibits a similar quasi-periodicity [e.g., Mcintyre and Molfino, 19961 . The presence of a 7.5-8.2 kyr peak throughout the proxy percent carbonate record at Fern Drift provides several potentially important insights into the operation of the climate system. First, the Heinrich-like periodicity observed here cannot arise solely from ice sheet-bedrock dynamics as hypothesized by the "binge-purge" model of MacAyeal [I 993a,b] and Alley and MacAyeal [1994] . If that were the case, one should not observe 7.5-8.2 kyr variability in the record before 2.5 or 2.75 Ma, prior to the intensification of Northern Hemisphere glaciation. Second, the presence of 7.5-8.2 kyr variability in the percent carbonate record prior to 2.75 Ma suggests that dilution of the percent carbonate signal by ice-rafted debris cannot be the sole cause of the observed variability in the proxy percent carbonate records. Alternative mechanisms for the cause of this variability could be shifts in carbonate production associated with changes in the location of the polar frontal zone or variations in carbonate dissolution associated with changes in the mixing ratio of northern component (NADW-like) and southern component (Antarctic Bottom Water (AABW) -like) waters at Feni Drift. Given the data at hand, we cannot distinguish between these two possibilities.
The spectral peak at 4.8-6.1 kyr is intriguing because it provides further insight into potential mechanisms of millennial-scale climate. Hagelberg et al., [1994] report the presence of spectral peaks at 5 and 10-11 kyr in a 400 kyr rectified version of the precession record of Berger and Loutre [1988] . The reader should note that further details of the orbital solution described by Berger and Loutre [1988] were published by Berger and Loutre [1991] , the more familiar source for this orbital solution. One potential physical link between the rectified precession record and climate is a mechanism referred to as equatorial "clipping" [e.g., . It has been postulated that the climate system should be very sensitive to precessional maxima (minima) at low latitudes because the out of phase response of the Northern and Southern Hemispheres to orbital variations means that low-latitude equatorial regions are influenced twice for each precessional maxima (minima). This phenomenon should result in increases to equatorial seasonality and intensification of monsoonal forcing. While Hagelberg et al. [1994] point out that these harmonics are not directly present in the astronomical forcing, they also note that the presence of such harmonics in climate records could result from either (1) a nonlinear response of the climate system to external forcing or (2) a nonlinearity in the climate recording mechanism.
In the first case the climate system responds nonlinearly to an external forcing which is then linearly recorded by some climate proxy. Amplification of monsoonal variability in response to precessional rectification provides one such example [e.g., Park et al., 1993; Hagelberg er aL, 1994] . In the second scenario, the climate system may respond linearly to external forcing, but the proxy recording system may be nonlinear in the way it "remembers" the climatic response. This scenario may be applicable to lake level records [Cmwleyetal., 1992] .
To asses whether a nonlinear process such as equatorial clipping ("rectification") could give rise to spectral peaks near 7.5-8.2 and 4.8-6.1 kyr, we performed an experiment similar to that of Hagelberg et al., [1994] using a 5 Myr long precession record derived from the La93(l,l) solution. Similar results were also obtained using the Berger and Loutre [19911 orbital solution (not shown). The precession record was subdivided into nonoverlapping 1 Myr segments and windowed with a 1 Myr Hanning window prior to estimating power spectra for the full amplitude precession record and for clipped records with rectification thresholds of 0.1, 0.2, and 0.3 precession units (Figure 1 Oa). This test differs from that of !-iagelberg et al. [1994] , who clipped only at zero amplitude precession and used a shorter 400 kyr precession record derived from the solution of Berger and Loutre [1988] . We formulated this test to simulate a climatic response with a gain sensitive to the magnitude of the external precessional forcing. The results indicate a translation of variance from the 19-23 kyr doublets (Figure lOb) to both longer-and shorter-frequency responses at 434, 122, 11.6 -9.6, 8.6 -6.7, and 5.8 -5 .2 kyr (Figure lOc) . The higher frequency bands may represent the second, third and fourth harmonics of the primary precession doublets at 23 and 19 kyr. Variance transfers of this type were postulated by and independently observed by Pokras and Mix [1987] , Park et al. [1993] , Hagelberg et al. [1994] , and Clemens and Tiedemann [1997] for various components of the climate system. The presence of peaks at 6.7-8.6 and 5.2-5.8 kyr in the clipped precession record suggests that at least some of the variance observed in these frequency bands in the Feni Drift proxy percent carbonate record may arise from a nonlinear response to precessional forcing. Hagelberg et al. [1994] estimated as much as 30% of the variance in the 10-12 kyr band may be externally forced. Indeed, the presence of sub-Milankovitch peaks throughout the Feni Drift record suggest a "pacing" that may arise from orbital forcing. These results suggest the need for more climatemodeling studies designed to test the sensitivity the climate system to external forcing at sub-Milankovitch frequencies.
Conclusions
The relative brightness of diffuse reflectance measurements from ODP sites 980-984 are controlled largely by variation in sediment CaCO3 content. Accordingly, a highly significant transfer function that accounts for 94% of the carbonate variance with an RMSE of 8.0% can be devised from the reflectance data. This relationship allows us to generate continuous records of proxy percent carbonate for the past 4.5 Myr at these sites. Strong correlations between proxy percent carbonate records from Ceara Rise in the equatorial Atlantic and Fern Drift in the North Atlantic allow us to transfer the orbitally tuned age model from Ceara Rise to Feni Drift. Power spectra of the Feni Drift proxy percent carbonate time series for time intervals ranging from 4.5-2.8, 2.4-0.95, and 0.95-0 Myr document the evolution of variance in the Milankovitch eccentricity, obliquity, and precession bands. Significant sub-Milankovitch climate variability is observed with periods centered near 7.6-8.4, and 4.8-6.1 kyr. The climate cycle of 7.6-8.4 kyr duration is present throughout the record and may be related to Heinrich-like periodicity. The presence of 7.6-8.4 kyr cyclicity in the percent carbonate record prior to the intensification of Northern Hemisphere glaciation suggests this Heinrich-like cyclicity must arise from some portion of the climate system other 
Heinrich-Like Cyclicity and Precessional Clipping
We believe the 7.5-8.2 kyr peak may be related to Heinrich-like variability, which exhibits a similar quasi-periodicity [e.g., Mcintyre and Molfino, 1996] . The presence of a 7.5-8.2 kyr peak throughout the proxy percent carbonate record at Feni Drift provides several potentially important insights into the operation of the climate system. First, the Heinrich-like periodicity observed here cannot arise solely from ice sheet-bedrock dynamics as hypothesized by the "binge-purge" model of MacAyeal [ 1993a,b] and Alley and MacAyeal [1994] . If that were the case, one should not observe 7.5-8.2 kyr variability in the record before 2.5 or 2.75 Ma, prior to the intensification of Northern Hemisphere glaciation. Second, the presence of 7.5-8.2 kyr variability in the percent carbonate record prior to 2.75 Ma suggests that dilution of the percent carbonate signal by ice-rafted debris cannot be the sole cause of the observed variability in the proxy percent carbonate records. Alternative mechanisms for the cause of this variability could be shifts in carbonate production associated with changes in the location of the polar frontal zone or variations in carbonate dissolution associated with changes in the mixing ratio of northern component (NADW-like) and southern component (Antarctic Bottom Water (AABW) -like) waters at Feni Drift. Given the data at hand, we cannot distinguish between these two possibilities.
The spectral peak at 4.8-6.1 kyr is intriguing because it provides further insight into potential mechanisms of millennial-scale climate. Hagelberg et al., [1994] report the presence of spectral peaks at 5 and 10-11 kyr in a 400 kyr rectified version of the precession record of Berger and Loutre [1988] . The reader should note that further details of the orbital solution described by Berger and Loutre [1988] were published by Berger and Loutre [1991] , the more familiar source for this orbital solution. One potential physical link between the rectified precession record and climate is a mechanism referred to as equatorial "clipping" [e.g., . It has been postulated that the climate system should be very sensitive to precessional maxima (minima) at low latitudes because the out of phase response of the Northern and Southern Hemispheres to orbital variations means that low-latitude equatorial regions are influenced twice for each precessional maxima (minima). This phenomenon should result in increases to equatorial seasonality and intensification of monsoonal forcing. While Hagelberg et al. [1994] point out that these harmonics are not directly present in the astronomical forcing, they also note that the presence of such harmonics in climate records could result from either (1) a nonlinear response of the climate system to external forcing or (2) a nonlinearity in the climate recording mechanism. In the first case the climate system responds nonlinearly to an external forcing which is then linearly recorded by some climate proxy. Amplification of monsoonal variability in response to precessional rectification provides one such example [e.g., Short peaks at 8.6 -6.7 and 5.8 -5.2 kyr in the clipped precession record suggests that at least some of the variance observed in these frequency bands in the Feni Drift proxy percent carbonate record may arise from a nonlinear response to precessional forcing driven by equatorial clipping.
than the dynamics of large ice sheets. The presence of variance peaks at 8.6 -6.7 and 5.8 -5.2 kyr in the clipped precession record suggests that at least some of the variance observed in these frequency bands in the Feni Drift proxy percent carbonate record may arise from a nonlinear response to precessional forcing driven by equatorial clipping.
